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ABSTRACT

This paper presents a edenensional finite difference modéhatis developed tadescribe
the freezghaw behavior ofan airentrained mortar containing deidng salt solution A
phenomenologicamodel is used to predict the temperature #mel heat flow for mortar
specimens during cooling and heating. MRase transformati@n associated with the
freezingmelting of water/ice ortransition of theeutectic solution from liquid to solid are
includedin this phenomenologicainodel The lever rule is used to calculateetquantity of
solution that undergoes the phase transformatipnthereby simulating the energy
released/absorbed duringhase transformationUndercoolng and pore size effectare
considered in the numerical model. To investigate the effect of pore size distributon, th
distribution is considered usinlge Gibbs Thomsonequationin a saturatednortar specimerfor
an airentrained mortarthe impact ofconsidering pore size (and curvature) on freezing was
relatively insignificant; however the impact of pore semuch more significarduring melting

Thefluid inside pores smaller than 5 nm (i.e., gel pores) has a relatively small contribution in the
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macroscopic freezthaw behavior of mortar specinmswithin the temperature range used in this
study (i.e., +24C to -35°C), and carthereforebe neglected for the macroscopic freézaw
simulatiors. A heat sink term is utilized to simulate the heat dissipation during phase
transformationsData from experiments performed usengpw-temperature longitudinal guded
comparative calorimeter (LGCC) onortarspecimengully saturated with various concentration
NaCl solutions or partially saturated with waisrcompared tothe numerical resudtand a

promising agreement generallyobtained

Keywords: Degree of swration, deicing salt,finite difference methodfreeze and thaw,

cementitiouspore size distributioryndercooling

1. Introduction

Deicing salts are applied to the surface of concrete pavementsltice and snowin an
effort to improve safety conditions fdhe travelingpublic. The solution that igoroduced(e.qg.,
waterNaCl, CeCl,, MgClz) can beabsorbed int@oncretepores This solutionaltersthe degree
of saturation(i.e., the volume ratio of fluid in thepecimenascompared to the total maximum
volume of fluid that thespecimencan hold)of the concrete pavement, the freezing temperature

of the solution within theoncretepores, and the damage that may rgdiiilt 3].

Prediction ofphase transformatiowithin the poresrequires an understandirng heatflow
within a mortarduring a freezingthawing cycle[14, 15] For the pypose of this discussion, the
term Al atent heat o is used to denote the
transformation(formation or melting of ice or eutectic solidjhe latent heat produced by the

phase transformation of the pore dmn can be used to quantify the amount of pore solution in

amol
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concrete that freez¢2]. There are two main phenomena that affect the ifige pore solution

in amortavconcrete (1) its pore sizadistributionand (2) undercooling, as described below.

First, the poresizedistributionin concretanfluencesits freezing. Concrete porese typically
categorized into three main classé&$ gel poreswith a radius smaller than 5 nm that are
associated with the formation oément (binderhydration products?) capillary poreghatare
the remnants othe original watekfilled spacebetween(cemen} particlesandcommonlyrange
from 5 nm to5 um in radius and 3)pores(voids)associated witlentrained or entrappeadr that
range from5 pum to 10 mm[16i 19]. The sizeof the pores in the concretan influence the
temperaturat which freezing occurs. This is described ushregGibbsThomsonequation[20].

A large fraction of watemssociated with pore sizes greater than 5 nm (i.e., capillary pores or
pores associated with entrained or entrappedsasysceptible to freezing atemperature above
-10°C [9, 21, 22] According to the Gibb¥homsonequation the water absorbed inghgel
pores will not begin to freeze until the temperature of the speaitrogs toabout-13 °C[22i

24]. It is also worth mentioning that the solutiomside concrete poresi.€., pore solution)
containsdifferent ioric speciegsuch asNa’, K*, Ca™*, and OH) [25] that depresits freezing
temperaturd7]. The absorption o$alt solution intothe porescan further depress the freezing

temperature athis pore solutiondue to the presence of additional ions sucBlagb, 26, 27]

Undercoolingalso influencegreezing in concretéVhile it is expected thad solution freezes
at itscharacteristianelting point temperatuve, Tn, freezing usually occurat a temperaturéi.e.,
Tr) lower thanTm. This reduction in freezing temperatuieknown asundercooling28i 30] and
is primarily due to the fact that solidification (in most cases) requiregresence or formation
of nucleithat can trigger the freezing actiod@nce the heterogeneous nuclei are presetttan

liquid phase, ice crystals begin to nucleate/grow and consequently the latent heat of fusion is



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

released into the undercooled liquid, increasing the temperature of the liquid Tw&bwth
of ice continues until the temperature of the liquid readig28]. Afterwards, the temperature
of the liquid remains afm until the entire liquid solidifiesthis is known ashermal arest[28].
After thermal arrest, the amount of ice increases gradually as the temperaturediecteases
Melting howeveroccursgraduallyin the poresasthe temperaturef eachporereachests Tm
value[9, 24, 31] The amount ofce transformed to solution increases graduallgash set of

larger poresn turnreach theassociatedm (according tahe GibbsThomson equatiorip4, 32]

These two phenomena (i.e., pore size and undercooling) affect the freezing behavior of pore

solution simultaneously in the mortar specimen anday beessential to consider both in the
simulation during freezing. In melting, however Jyopore sizeinfluences the thawingbehavior.
Numerically, it is feasible to develop a theoretical model based onmetlitetransfeformulation
to predictand simulate phase transformatiand heat transfein materials[33, 34] One
dimensional finite differencf84i 38], two-dimensional finite differenc§34, 36, 3840], control
volume[41i 44], and finite elemend5i 47] based methodall have been used simulate such
heat transfer problems. In this paparpnedimensionalfinite difference modelis used In
particular, this numerical method approximatethe complex solidiquid interactionsin the
porous mortarusing a fixed grid method[48, 49] The computationalmodel is applied to
estimatethe thermal behavior omortar containingNacCl solutionsor just water underfreeze
thaw cycles. Thdéormationof ice is quantied by calculatingthe volumefraction of ice that is
producedand the concentration of the remainifngction of solution during coolingusing the
lever rule[50, 51] As the ice growsthe liquid to solidphase transformatioreleasedatent

heatDH ¢ , thatincreases the temperature of thateriallocally and slows down thiee growth.

An empirical approach is used to account tbe suddenlatent heat releasproducedby
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undercooling This modelis alsoused to descriheanalyzeand interpret the experimental data

obtained from lowtemperature longitudinal guarded comparative calorimeter (LGCC3 test

[9,11.

2. Numerical simulation

Themain objective ofthis studyis to predictthethermal response afmortar(considered at a
macroscopic scaleéhatis experiacing phase transformations duriageductionand subsequent
increasan specimertemperature (i.eafreezing and thawmpcycle). The goal ofthe simulatiors
is to quantify the fraction of pore solutiorthat canfreeze inan undercoolednortar specimen
The temperature dhe specimencanbe trackedoy solving the heagenergy balancegquation
and considering the frozen fraction e pore solution The governingequationfor the heat

transferwithin amortarspecimercan be described usitige energyalanceEquationl [54].
M(x H o Tidx
ng( Hﬁgen Choss 7 ﬁ( T OOnGG) 4g 1

where T(x t) is the temperature at location(mn) and timet(seq, ky,(T) is the thermal

conductivity of the mortar specime[W/(m CK)] at temperaturd , rm(T) is the density of the
mortar specimer(kg/ n13) at tempeature T, Crﬂ is its specific heat capacit[,d/(kng)] at

temperatureT , qqgen, is the rate of generated or consumed heat from any phase chathge of

pore solutiongJ/éan3 C'ée(%, and qss IS the rate of heat dissipation (to the environment) in the

experimentg\]/é%n?’ Ge(%.



110 In Equation 2a, the incorporation of a released/absorbed latent heat teyan associated

111  with freezing/melting of the pore solution within a mortar specinsedescribedA heat sink

112 term, Qo IS also includd as shown irEquation2b to calculate the rate of heat dissipation to

113 the environmenfeven though insulatiois present This heat term is considered as a fraction of
114 the rate of generated latent heat to sineutéie significant heat exchange between the mortar

115 specimen and its surroundsig the lateral directions.

Ogen=DHf O soin Qp ¢ VF(-BO/(T)] 2a

Goss=DH t DossOsoin Ap VF(Tu)tO/(T)] 2b
Ogen- Qoss= DH™t O goin Qrp € VF(TU)IO/(T)] 2c

116 where DH is the latent heat of fusidikJ/kg), 7sqn, is the density of pore solutitéhg/ n13),

117 v, is the total volume fraction of pores within the mortar speciff@eto 1) vg (T) is the

118 volume fraction othe pore solution that can freeze at temperafuré to 1) X(T) is the frozen

119 volume fraction of freezable pore solution with salt at temperafu@to 1) hgygs is the heat

120 dissipation coefficien{< 1), and DH" = DH ¢ C(n hoss) is theapparentatent heaimeasured

121 considering heat dissipation during phase transformation in the systarh)(<

122 3. Frozen fraction of pore solution without salt ve(T)
123 The mortar specimens contain a pore structure with a broad range offbigg®re size can

124  alter the freezing temperature of wafgi7, 27} To determine the pore size distributionthe

125 mortar specimen antthusto calculatesg (T), a desorption isotherm was obtainks the mortar
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usinga dynamic vapor sorption analyzer (TA Q500)e vacuum saturation method is used to
fully saturatethe mortar specimen (i.eDs = 100 %). Thereforeall of the pores including air
voids, are filled with waterto investigate the role of curvature thfe pores on the thermal
behavior ofthe mortar. For melting, the pore size distribution obtained fram absorption

isothermis used [55]. Figure 1 providesthe desorptionrabsorption isothermfor the mortar

specimen ath it correlateshe degee of saturatior{ Dg) to the relative humiditf{ RH), which is

the amount of water vapor present in the specimen expressed as a percentage of the amount
needed for saturation at the saremperaturgl10]. A characteristic hysteresis is @pged in the
absorption/desorption isotherm kiigure 1, at least partially due to the presencdiok-bottled

pores.

To calculatevg (T) , two approaches were evaluated in this study: (fpédel with explicit

consideration ofa continuous pore size distribution, and (2) a phenomenological model with

consideration obnly adiscrete pore size distributiomhe firstapproach considers the effect of

all pore sizes on the freezing process arpd(T) varies continuously as the temperature

changes. In the second approach, the effeaetdi$crete pore size distribution on ice formation
inside the mortar specimen is simplified and a phenomenological model is adapted to simulate
the freezing process of water inside the mortar specimen (it consitgrsvo classes of pores

large poreghat include all pores except gel por@ke capillary and air entrained/entrapped

pores)and small poreknown as gel poreg)
In the phenomenalgical model, v (T) Is considered to be a constant value baseth@e
main classes of pores: 1) gel pores, 2) capillary pores, and 3)}fillatepores associated with

entrained or entrapped air. To investigate the accuracy of tivesapproacheshe LGCC test

conducted by Farnam et §, 11] was simulated using these two models with consideration of
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continuous and discrete pore sizes, respectively, and also theatHshavior of the mortar
specimens saturated with water was compared with experimental results obtained in a

temperature rang¥°Cbet ween 24 AC and

100 ®
| ——&—— Desorption
———— Absorption

804

D, (%)

20 do o0 S0 100
Figure 1 Desorptiorabsorption isotherms of mortar specimen.
3.1. A model with consideration afcontinuous pore size distribution
Equation3 describes the GibbBhomson equation that relates the freezing temperature of a

liquid inside a porous aterial to the pore radius.

Zfi:L 0 %SL\; S ng T, (r*)) 5
¢ VL o=

where gc| is the crystal/liquid interfacial energéu/mz), r" is the radius of the@ore for
homogeneousumleation(m), S, and & are the molar entropies of the liquid and crystalline
phases[J/(moldX)], Vv, is the molar volume of the quuic(m3/mol), T, is the melting

temperaturgK), and T; is the freezing temperature as a function of pacius (K)[24, 56]



159 Thereforethetemperature at whiclte begins to formcan bepredicted as function of critical
160 poreradiusr* by solvingEquation3 for T; [20, 24, 32]
161 Figure 2 displaysthe relationshipbetween the size of thgore and the temperature thist

162 needed to freeze water inside the poTe,(r*). At a temperatureabover (r*), no phase

163 transformation occurs inside the pores with ratkgsthan r'. Once the temperature reaclies

164 associated freezing temperature, ice begins to form inside the pores withf radiiAfterwards,
165 ice propagatesnto thesmallerpores but onlyas the temperature drofagther. This process is

166 reversed during melting.

S0

40
‘@3()7
S | r<r¢) T-T0) TT4)
% 20-

101 r=5.0 [nm]

=147 [nm]
0 . —_— —
00 -850 -60 40 -20 0

T,(C)
Figure 2 The effect of pore size on the freezing temperature of watagthe GibbsThomsonequation
includinga schematic of ice formation in@orous materiglinset)

167 The KelvinYoungLaplace equation can be used to correlate the pore radius to the relative

168  humidity (RH) in a wateffilled pore as desifved in Equatior [57, 58]
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In this study, thé&elvin-YoungLaplaceequation(Equationd) was used alongsidée Gibbs

Thomsonequation(Equation3) to obtain the relatiosghip betweenvg (T) and pore size in the

mortar specimenbased onits measureddesorption isothermF{gure 1). At a temperature of
-3 BC, solution absorbed into the martpores with sizegreater than 1.47 nm is susceptitue
freezing as shown ifigure 2. Figure 2 aso displays the process of ice formation in a porous
material as the ¢e forns inside the larger pores initiallyce invadesnto the smaller pores
progressively as the temperature drdpgure3 showsthat72 %of the solution absorbed in the
pores by volume can freebetweer0 A C-3%f@ Hor the case of melting, the formed ice in
the pores is similarly considered moelt gradually according tthe GibbsThomsonequation

(Equation 3). In this work, it is assumed thatl=v, +(Ds/100 and

(Ds/100 :vw(r < r*)+vF (r > r*) where v,;, and v, arethe volume fraction ohir andnon

freezablepore solution inthe total pores (0 to 1)respectively To investigate the role of pore
sizes, all of the pores whitvarious sizes are assumed to be filled with water in this seceon

Vair =0. 1t should be mentioned that the LGCC test was conducted witteimperatureange

between 24C and-35°C.
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Figure 3 Volume fraction of pore solution that can freeze as a function of the critical n(otee3size

3.2. A phenomenologicamnodel withconsideration o& discretepore size distribution

Although te continuouspore size distribution can bestimatedto determine the volume
fraction of freezable pore solution this measurementis generally not available for
field/commercialconcretes In this paper, gphenomenagical model is developed to use in
practice when knowledge of thecontinuouspore size distributions not available Since the
freezingandthawing responseof mostcementitious systems are dominatedthiycategory of
relatively large pores (i.e., cilpry, air-entrained, and aientrapped poresa discrete pore size
of 5 nm(a predefined critical pore size dke division between gel and capillary poreah be
utilized as a criterion to differentiate the freezable and-ineezable pore solutiofi6, 21, 59]

For a mortar sample saturated with deionized watieis critical pore radius corresponds to a
relative humidity(RH) equal to 8P4, at which pointall of the gel pores are filled by
solution[57].

The corresponding freezing temperaturevater inpores with a size of 5 nm is aboutl3 °C

according tahe Gibbs Thomsonequationas displayed ifrigure2. Figure 3 displays the relation
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198 between derived volume fraction of freezable pore solutign from associated relative

199 humidity measured in experimengnd pore radius, r using equation4. The corresponding

200 volume fraction of freezable pore solutjor , in poreswith size greater tha nm is measured

201 to be 60% with respect tothe total volume fraction opores displayedn this figure
202 Consequently,the volume of freezable pore solutiom the phenomenologicalmodel is
203 underestimatethy about 18% with respect tahe modelwith direct consideration of pore size
204  distributionassuming pure watéo be thesdution in the poresThis impliesthat 60 % of the
205 total solution by volume corresponding to the solution thatabsorbed into large pores (i.e.,
206 capillary pores, aientrained pores, and a&ntrapped porespegirs to transform to ice
207 instantaneously ahthegradual process of ice formation in tremainderof thefreezablepores
208 (i.e.,smaller porescontaininga lowervolume fraction will be neglected Therefore the radius
209 of curvature(pore size)would havea relatively smallimpact on the macroscog freezing
210 response of the agntrained mortar specimeand the approach o& discrete pore size
211 distribution will beimplemented in thewumerical model to investigate the thermal behavior of

212 mortar specimens containing NaCl soluton

213 4. Frozen fraction of pore solution with salt,3- ( T )

214 For the case where the pores are whlled (0 % NacCl), the value ofi=(T) can be used to

215 determine the latent heat released/absorbed when the temperature of the specimen reaches
216 freezing/melting temperatureB) the casewhere the pores are filledith NaCl solution,the

217 presence ofhis salt alters the freezing/melting behaviohe phase equilibrium of NaGblution

218 is shown inFigure4. In thisfigure the liquidus line shows the point at which ice begmform

219 within the NaCl solution. Above the liquidus line, no ice may be detected (i.e., poimiduire



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

13

4). A mixture of ice and salt solutiowith varying concentration that follasithe liquidus line
exists letween the liquidus and eutectiemperature (Teu= -21.1 °C), which is commonly
known as the freezing regid¢ne., point 3. At Teut (i.€., the eutectic line)the formationof ice is
completeand all the solution converts #solid eutectic compositioas the temperature tife
solution decreasefurther, which is describedin more detailin section 8.2 Below this
temperatureit is assumed thato solution exist@é the capillaryair-entrained anair-entrapped
pores According tosolidification pinciples[28], the lever rule can be used to determine the

amount ofice whenthe specimertemperature is betweeheliquidus andeutectic lins.

The frozen fraction of the freezable pore solut.'po(ﬁ')was used in the numerical simulation

to calculate the amount of latent heat released/absorbed during freezing/melting at each time step
for the mortarspecimensaurated with NaCl solutionThe lever rulegivenin Equation5, was
employedin this studyas a tool tocomputethe amount of produced icgithin the freezing
regionfor NaCl solutios in amortarspecimen
X(T) = Cs(T)- G
Cs(T) S
wherecy(T), the concentration dheice solution mixturecan be estimated as a function of

solution temperature by usiigguation6 [11]:

c(T)=a, T?(x,t)+a 3T (xt)+a, - 35°C ¢ T(x,t) ¢ 24°C 6
where a;=0.003385 a;=-0.016362[1/(°C)], a;=-0.000264 [1/(°C?)], and co is the initial

concentration oNaCl solution aboveheliquidus lineby mass %). The coefficientsn Equation

6 fit the cs(T) curve on data points derivétbm the phase diagram of aqueous NaCl soluion

with R?=0.999as the measure of goodnesit.
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The frozen fraction of the freezable pore solutgf) was calculated forbulk solutions
containing 0 %, 5 %, 10 %Nnd23.3 % NaCl (bynas$ andis depictedn Figure4. Thisfigureis
divided into three temperature randes solution with NaCl concentrations 6f%, 5 %, 10 %,
and 23.3% (1) -3 5 OVQE xO-2t1).. = TohVEhere the temperature of solutimnbelow Teut
andthe entire solutionsolidifies (2)-2 1 . 1 TOAtC ®O Ai@reboth liquid and solid phases
(i.e., ice and solutiongoexist; (3) 0A C T € x 24°G whée no phase transformation occurs
andthesolution remainn its liquid state.

Ice formation or solidification of eutectic composition requires removal of sufficient
heat/energy to compensate for the latent heat associated witphdse transformation. A
considerable amount of latent heat can be reledgadg solidification.Eutectic latent heat for
NaCl solution was measured using a {@mperature differential scanning calorimeter and
obtained to bepHu= 135 k J/ k g TiNe sfandird dewiagion for eutectic latent heat was
determined on three mortar specimenont ai ni ng NaCl solution wit
NaCl concentrations. The latent heat associated with ice formation was also considered to be
mhe= 33 2. 42 kMkg dvértie ralge of35A C T(Qt) @[14, 24, 56] The heat of fusion

o Fheingwas given with a relative error < 0.25 % bBguation? [24]:

DHmartindT)kIkg) © 3338kdkg) + 1.7dk(kg OK) & - T) ,
The rate of ice formation within mortar pores was considered in the numerical simulation by

evaluatinge(T).

5. Effective thermal properties of mortar specimen
To develop a reliable numerical simulation at the macade, it is essential to properly define

the material properties. Theection discusses how the thermal propsrtiethe mortar specimen
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as a composite are defined for the proposed finite difference model with the consideration of

approachesoncerning thelistribution ofpore sizes, namelyontinuous andiscrete

30 1=
20 _Z e, =23.3% Section 1 Section 11 Section 111
E ! I 0'8—, s
10 4 1 1 ] ! N
: '@ I ] ! \
04 UQ(.Q@U f soLution+ | 0.6 ! \
&) ] Tlayy | SOLUTION NaCl2H,0 1 [ 2 \
X~ i @ 1 — N \
~ -10 4 c ¢ c-c | el . !
] o 1 s 0 04_ \_ \
i 1 1 | \ \
.20 dEUTECTIC LINE) | ICE+SOLUTION v
] ! ' I [ ¢, =0%
20 - ! : 1 0.2 L === ¢, =5%
= 7 1 1 o =
1 . | ICE+NaCL2H,0 : g : =1 0%0
E 1 1 i i c, =23.3%
-40 T I O ey ; :
0 5 10 . 15 20 25 -40 30 20 -10 0 10 20 30 40
NaCl concentration, c (% by mass) T(C)
(@) (b)

Figure 4 (a) Phase diagranfor aqueous NacCl solutidi®0]; (b) the fraction of produced icas a function of
temperaturevithin the freezing regiofor bulk NaCl solution

5.1. Thermal Conductivity
The effective medium theory (EMTH1] can be used tdefine properties of a composite
material fora heterogeneous mixture. For morsgecimensither partially or fullysaturated

with water or fully saturated withNaCl solution at different concentratios, the thermal
conductivity of the mortar (km) was estimated usinthe EMT formulation as described in

Equation8 and shown irFigure5a:

ko = kg 02(1 np ) Ggry +(1+2p ) Gp
" v (2+/7P)c"kdry+(1‘ ”p)CkP 8

where kg, is the thermal conductivity ofhe dry mortar specimen k;, is the thermal

conductivity ofthematerialin thepores andv,, is againthe total voluméractionof pores.
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Depending on the temperature and saturation state, pores in the mortar specimen may contain

various constituerdg including air, ice, orNaCl solutiors with different concentratien The

amount of solution and air ithe mortar depends on its degree safturatiofDg). The

temperature of the mortar specimen can also change the amount of solution and ice in mortar
pores as described sectiors 3 and4. The change in the amount of air, ice, or solution can
substantially alter thehermal conductivity of the mortar specimene to the considerable
differences between the thermal conductivities of air, solid ice, antoso(liable 1)

A parallel mode[62] was employed to determine the effectieas a function of the volume
fractionsand thermal conductivitiesf each component (i.ekgj, , Kice, andKgqn ), asdescribed

in Equation9.

kp = Kair Oair +Vg c.[kice(")""(l' X)ksoln]+ksoln Qy 9

wherekair is the thermal conductivity of air,, =1- (Dg/100 is the volume fraction of air in
the mortar poreski.e is the thermal conductivity of ice, and, is the thermal conductivity of

the remnant pore solution within the mortar poreésllowing the work of Farnani9], no
considerable changeof dimensions ofthe mortar specimenwere observed. Therefore, the
volume change is neglected in the thermal modelinga ahacrescale mortar specimen

(v

i =1- (D5/100 ). However, the variation of physical and thermpebperties of components
of themortar specimen may leadachange irthevolume ofamicro-scale specimen.

It is worth mentioning that the@nfrozen solution may exist in (1) smallporeswith an
invariable NaCl concentration, and (2) larger pores Wwidontain frozen solution (ice) arad

NaCl solution witha higher concentration. The thermal properties of NaCl solutiothén

smaller pores are provided irable 1; however, the thermal properties of NaCl solutiohwi
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291 variable concentration in the larger pores can be determined knowing the frozen fractioa and
292 Lever rule.The corresponding thermal conductivities of air, ice, NaCl solution with different

293 concentrations, and dry mortar alsoprovided inTablel.

294 5. 2 Density,

295 The law of mixtures (a weighted mean) can be used to predict the density of a composite

296 material. An effective density for mortar specime(rvsm) was estimated using the law of

297 mixtures and is described Equation10 and shown irFigure5b.

fm:fdrycm-'nP)+rP®P 10
298 where I dry is the density of the dry mortar ang is the effective density of the materials in

299 the mortar pores (i.e., air, ice, and solution).
300 The law of mixtures was again employed to obtain the effective denghg wfaterials irthe

301 mortad pores (i.e.}p) as described in Equatidri.

rp =rair Ogjr +VE c.[)/’iced’“L(l' X)Osoln]+fsoln Qu 11

302 where 74, rice, and 7o, are the densities of air, icand solution respectively. The

303 corresponding densities of air, ice, NaCl solution with different concentrations, and dry mortar
304 are also provided imablel.

Table 1 Thermal properties ddir, ice and NaCl solution with different concentrations

Material k( W/ ( m § (kg/n?) CPkkJ/ (kgAK)
Air [63, 64] 0.023 1.35 1.005
Ice [65] 2.25 934 2030
0% NaCl solutior{66] 0.5886 997 4121
5% NaCl solutiori66] 0.5611 1036 3947
10% NacCl solutiorj66] 0.5336 1074 3773
23.3% NacCl solutiofi66] 0.46 1178 3310

Dry mortar[671 69] 1.7 2070 850
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Figure 5 Calculated effectivéa) thermalconductivity(ky ) ; (b) density( 7y,); and(c) specific heat

capacity(Crﬂ) as a function of temperatufer mortar spechenscontaining(d) various concentration

of NaCl solutions and different deg®of saturation

5.3. Specific heat capacitgP
The process of determining an effective specific heat capacity is conceptuallyr gon

determining an effective density0]. The effectivespecific heat capacity f@ compositenortar

specimenCr?] was calclated usingequationl12 andis shown inFigure5c.
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Cmloorm €dryp ,&%/(1 QD) 'CPp +l5( |¥ 12
309 where Cdpry is the specit heat capacity ofhe dry mortarand CF'? is the effective specific

310 heat capacity ofmaterials inthe mortar pores (i.e., air, ice and solution) which can be calculated

311 usingEquationl3.

Sve &CP O &r+CP O - x)%
. . . i VF ice Yice soln ~/ soln ¥

CH O p=CL; Oair Vair ti © ) _ u';l 13
%"‘Cspom O soin C()‘/W) ;/

and CP  are the specific heatapacities for air, ice, and solution,

p p
312 where C C <ol

air ' ~ice:
313 respectively. The corresponding specific heat capacities ofiedr,, NaCl solution with different
314 concentrdons,and dry mortar are provided Tablel.

315
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316 6. Configuration of numerical simulation and boundary conditions

317 Following the work by Farnam ai. [9], the LGCC test was simulated to quantify heat flow
318 andpredict theemperaturerofiles of the mortaispecimensTwo types of experimental data are
319 used: 1) fully saturated mortapecimens(i.e., 100 % degree of saturation) wislolutions

320 containing0%, 5 % 10 %, and 23.3 %laCl (by mas3, and 2)specimenssaturated partially

321 with water(i.e., no NaCl involved in the solutioa} degrees of saturation equal to 75 %, 85 %,
322 95 %, and 100 %TIhe procedurgused forpreparation of fully saturated and partiadigturated

323 mortar specimens wesgldressed ipreviousexperimental work[9, 12, 71]

324 The experimental conditions adnedimensional heat transfevere providedin the LGCC

325 experimenby usinga heat sink at the bottom, longitudinal insigdaton the sidesand foam as

326 thermal insulabn around thesystem to minimize the heat dissipatifsom the experimental

327 apparatugFigure 6a). However, a difference between the measured released heat in an LGCC
328 experiment and the associatedhatpy of fusion of phase change materials (i.e., Methyl Laurate
329 and Paraffin Oil), likely due to experimental imperfections (thermal bridges, heat leaks, etc.),
330 was observed. Thereforéyss a heat loss coefficient, is employed to simulate the energy
331 dissipation in the experimental system which is estimated as atd®086 heat los$72]. It is

332 worth mentioning that the advection of heat to simulate the water transport occurring during the
333 freezelthaw cycle is neglected in this numerical investigation.

334 Two reference rpete) bars made of Pyroceram cod#608" with known thermal properties

335 wereused to measure the heat flpassinghroughthe mortarspecimenn the experimenfsee

336 Figure6a.

A Certain commercial products are identified in this paper to specify the materials used and procedures employed. In no case
does such identification imply endorsement or recommendation by the National Institute of Standards and Technology or Purdue
University, nor does it indicate that the products are necessarily the best available for the purpose.
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Table 2 Thermal properties dhermally conductive pad, foam and Pyroceram code 9606

Material K( W/ ( mAK' | (kg/nP) CPkJ/ (kgAK))
Thermal Pad 3.0 309 850
Foam[73] 0.03 20 1340

*

Pyroceram Code 96(6] 2600 900

Note:*The thermal conductivity of Pyroceram code 9606 as a meter bar material was calculated as a function of
temperaturg9].

The first step in the numerical approach was to discretize the experimental setup kg a finit
difference method using an appropriate grid spacing $&f 1 (mm) and time stepDt of
0.05(sec) Theinitial temperature of the entire experimental setup was set equal to the ambient
temperaturd (x, t=0) = 24 (°C) as displayed irigure6b. The temperature at the bottom of the
LGCC experimentT (x. =. .\ (seeigure 6a) varied in the numerical simulation as a
function of time according to the LGCC experimental proto€ajyre 6¢). A heat convection
coefficiert heonv= 100 W/(ntA) is employed to simulate the heat transfer between the air and
the foam on the tofb4]. Even though the insulating foam has a quite small thermal diffusivity
parameter, significant heat energy is still transferred ¢oetfivironment, resulting in a slight
temperature differential between the top of the foam and the angmembnment Therelevant
thermal properties of the thermally conductive pad, foam, and Pyroceram code 9606 used in the
modeling are listed iffable2.

Figure 7 displays a flow chart of the onedimensional explicit finite difference method
adopted to simulate the saturated mortar specimen containingnided water and NacCl
solution with various concentrationBirst, the thermal properties of componentsha mortar
specimen, temporal and spatial step sizeg] thermal initial and boundary conditions are
determinedAll of the discretized layers (i.e. x = 1 mm to x204 mm) are employed to simulate
the heat trasfer for the LGCC experinent; however,only the finite layers ofthe mortar

specimen (i.e., x = 32 mm to x = 83 mm) are investigated in this figure. During phase
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356 transformation ofthe pore solution in the montaspecimen filled with déonized water, two
357 approaches of consideration ether adiscrete pore size distributiamr acontinuous pore size
358 distribution wereemployed, asliscussed in section Ihe approach ofising adistribution of
359 continuous pore 2es introducesa progressive ice formation/melting in the porémt is
360 simulated using equatiordsand4 and figurel; however,the volume fraction of pores with the
361 size greater than im (= = 60%) is considered to simulate thmstananeous ice
362 formation/melting occung in the approach olising discrete pore sizesAdditionally, the
363 progressive fraction of produced/melting ice is calculated ugiadever ruleas discussed in

364 secton 4.
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Figure 7 Numerical algorithm of finite difference strategy using heat transfer equation to simule
thermal behavior o saturated mortar specimen
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7. Undercooling
The freezingtemperatureT; is the point at which solidification of a liquidoccurs whereasa
meltingtemperaturel,, is thepointatwhich a solidmelts In most materialsT; is usually lower
thanT,,, because ofndercooling28i 30]. Therefore, no ice may be formed uitiie temperature
reachesT; (seeFigure4a). The values ofT; and T,, are obtainedlirectly from the LGCC

experimen{9] and are reported ifiable3.

Table 3 Freezing and melting points of saturated mortar specimens with NaCl solutions [11]

Amount of Undercoling

i i Freezing Point
NaCl Solution Concentratior g Melting PointT, (°C)  with Respect to Liquidus

(%) Ti (°C) Line**

0 -6.1 0.0 -6.1

5 -10.8 -3.0 -7.8

10 -12.0 -6.5 -5.5
23.3* -21.1 -21.1 0

Note: *For specimens containing 23.3% NaCl solution, the freezing point and melting point are idest)csih€E these points
are locateat the eutectic line and the entire solution only forms eutectic solid during solidification.

** The amount of undercooling is calculated by subtracting the melting poinfrdm the freezing poinft of the
corresponding bulk NaCl solution.

The specimersize and cooling rate of the specimmiay alter the degree of undercooling
[27]. In general, less undercooling is observed for larger specimens (greater chance of a suitable
nucleation source being presemthile more undercooling is observed when a greatetirg
rate is employedin the LGCC test (25 mm x 25 mm x 50 mmmortar specimen size), the
freezing was observed #.1°C when the mortar was saturated with water

When the temperature of the bottom layer readabe layers with temperatures lovtban

Ty, are allowed to begin to produce ice instantaneously and thus the associated heat release
results in increasing the temperatuosvard T,,. Subsequently, the temperature of the layer

remains unchangeat T, until the entire liquidwithin that layertransforms into ice. Since the
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numerical model witha discretepore size distribution is considered to investigate the
undercooling effect on thermal behavior of the mortar specimesrly 60% of the pores by
volume (i.e.,nearly all of thecapillary pores, aientrained pores, and antrapped pores)
nucleate ice instantaneously for the case of the mortar specimen saturated with deionized water
(solution with 0% NaCl concentration), as shio in Figure8.

Figure 8 illustratesthe effect of considering undercooling on the thermal behavior of the
simulated mortar specimens saturated withotézed water solutn compared with the model
without undercoolingThe heat loss coefficientyssis assumed to beconstant value of 60 % in
this figure.Similar to the observed experimental thermal behavior of the mortar spe@mnen
temperature rise at the freezing point wasesved in thgghenomenologicahumerical model
when undercooling was included, whereas no abrupt temperature ascent was observed without
including undercooling. It is worth mentioning that no considerable changiesdmensions of
the mortar specimensvere measured during the freezing and melting presess the

experiment.

=}
P

-4

o S 0
~ S 1
- & .10
=201
301
404 == == ¢, = 0% w/o Undercooling 401 === ¢, = 0% w/o Undercooling
‘3(}: ¢, = 0% w/ Undercooling 501 ¢, = 0% w/ Undercooling
00 100 200 30 40 50 60 0 10 20 30 40 50 60
t(h) t(h)
@ (b)

Figure 8 The effect of including mdercoolingin the numerical simulation on temperatureprofile of
saturated mortaspecimencontainingwater (0 % NacCl) exposed to ondreezethaw cycle at different
locations of mortaspecimen(a)x .3=2 ;rfatx . 8=3 (seeFigurel for definition).
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8. Results

8.1. Mortar specimens saturated with water

In this section, mortar specimens saturated with water at 75 %, 85 %, 95 % and 100 %

degrees of saturatio®§) and the effect of pore size distribution are numerically investigated.

8.1.1.Fully saturated mortaspecimen

Two numerical mode|swith either a continuous or discrefeore size distributionare
investigatedin this section Figure 9 shows the experimentaind numerical result$or the
thermal behavior of mortar specimens that were saturated$2100 % with water.The heat
loss coefficienthiessis assumed to baconstant value of 60 % in this figurehe model witha
discretepore size distributionly considers the instantaneous freezing of the pore solution that

can freeze {g =60%), whereas the model with theontinuouspore size distribution also
considers an additional process of gradual freezinbegdore solution Y =72%) as displayed

in Figure 9c. Figure 9a indicates the numerical and experimental temperature profile for the

saturated mortar specimen at the bottom layénenLGCC experiment setup (i.g5 32 mm) .

nearlyinstantaneousemperature rise that occurred at the moment of freezing can be observed,

demonstrating the instantaneous freezing due to the temperature of the first finite difference layer

of the morta specimen (.e.x= 32 mm) reaching the freezi

water in the mortar specimei{ = 6.1°C). However,the model witha continuougore size

distribution considers that themainng amount of unfrozen watén the pores transforms to ice
gradually until the temperature reacheb °C.
The model witha discretepore size distribution considers the ice meltiogoccur by

absorbing sufficient heait the melting temperaturef the larg frozen pore®bserved in the

ng
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420 experiment(T,, =0 °C). In the model witha continuougpore size distributiomcluded the ice

421 formed in the pores is considered to melt gradualtgrting at - 35°C [24], based on the

422 measured absorption isotherar the mortar
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Figure 9 Experimental andiumerical results for mortar specimen fully saturatétth water(a) temperature
profiles atx . 3=2 mmFigused fr definition of x); (b) predicted heat flow; (c) volume of pore soluti
undergoes phase transformation at the bottom surface of the mortar specimen.

423 The heat flow is obtained using the numerical simulation to evaluate the role of pore size

424  distribution and compad to the experimental data shownFigure9b. The formation of ice in
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the pore solution results in an exothermic peak, which is representative of the latent heat release
during a freezing cycldn the model witha dscrete pore size distribution, the exothermic peak

is considered to occur @ and subsequently ceases when the entire amount of latent heat has
been emitted to the surroundings. Theudindot he

all of thepreviously formed ice melts inside the frozen pores.

Conversely, the exothermic peak is extended to the end of the freezing<361&Q) due to
gradual ice nucleation inside the smaller pores in the model avitontinuouspore $ze
distribution. For the case of melting, the endothermic peak is considered to occur gradually as a

function of temperature and the pore size.

Therefore t he mel ting cur ve ewigé¢orthe broad rarmgeg of poses i v e |
sizes in the modelwith a continuougpore size distributionlt is concluded that the consideration
of pore size distribution cameasonablybe neglected duringhe freezing process due to
undercoolingwhereas the melting of formed ice indicated a gradual process asniherature

increases in both the experimental datatheanodel witha continuougpore size distribution.

8.1.2.Partially saturated mortar specimen

The amount ofheat released during freezir(g)Hrﬁ) was obtained using the numerical

simulation for mortar specimens saturated at different degrees of saturitidhe discretgore
size distributionmodel and is compared with experimental resultsFigure 10. For partially
saturated samples, the valuevpivas calculated using=D s-vw, Wherewy is the volume fraction
of pores with the size less than 5 nwm £ 40 %). The resultdor thesepartially saturated mortar
specimens are the experimental stgation of this workwhereas the experimental data of the

fully saturated mortar specimen was already publigBedirwo heat dissipation coefficients of
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447 40 % and60 % are considered as discussedsection 6. The coefficiet of variation for the
448 experimental results is obtained as %.6The numerical simulation predicts greater heat release

449 than that obtained in the experimeluieto further experimental imperfections

200

—a— Exp
- — & = Num - 40 % Dissipation
= =@ :=- Num - 60 % Dissipation

J e
Dy (%)

Figure 10 The amount of heat release during freez(rﬁ@j—h';) for the mortar specimen saturated

different degrees afaturation§Dg) .
450 8.2.Mortar specimens saturated with NaCl solution
451 The roleof NaCl concentration in the pore solution on the thermal \behaf the mortar
452 specimens was also investigat@tie process of solidification of the brine solution absorbed in
453 the large pores witla high degree of connectivity is investigated in this modiakerefore, the
454  volume fraction of freezable pore soluticontaining NaCl solution is assumed to be 60 %.
455 Afterwards, the parameter ( 15 )employed to calculate the volume fraction of frozen pore
456 solutionve( T) * 3 ( T) asihg té kefer yule (based on the phase diagram of NaCl
457  solution).Since it is proposethat the pores larger than gel pores are susceptible to freezing in
458 this numerical model, the size afsalt crystal is sufficiently largeo asnot to increasets

459  solubility correspondinglyAs mentioned irsection7, undercooling compels the solutions inside
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the porous media to freeze at a temperature b#lew melting poins which can result in an
instantaneous solidification of a relatively large fraction of pore solutrghin the mortar
specimen (se&able 3). After this sudden freezing, a gradydiase transformation diie water
phase of the solution twe is hypothesized to occuor the remaining solution in the mortar
specimen saturated with NaCl solution.isTtvas computed by using the lever rule approach to
solidify the remaimg unfrozen fraction of solution (excluding the eutectic solution) until the

temperature of each layer reachgs; = 21.1°C. For the case of mortar specimens saturated

with 23.3 % o&23.3%) molice ts fooned uftil the temperature decreéses

Teut-

At this temperature, the unfrozen eutectic solution begindransform to eutectic ice
gradually. wo different pocedures ar@roposedto investigate the role of eutectic solution
solidification onthe macroscale thermal response tife mortar specimenThe first method
considerghat the eutectic solutigthe remaiimg unfrozen solutiongangraduallyform eutectt
ice by releasing the eutecl&tentheat as observed in the experimshbwn inFigure1la [9].

The second method was allow the eutectic solutioto migrate to the adjacent accessible pores
with smaller sizes to avoid éhformation of eutectic ice in the numerical simulation. Finally, the
numerical results were compared with mascale experimental datahe numerical and
experimental results of heat flow of two mortar specimens saturated by NaCl solutions with 5 %
and D % concentrations are compared-igurella. Thevariation ofthetwo numerical models

is calculated as 3 % whidhdicates that the eutectic phase transformation of the NaCl solution
shouldbe considered in theumerical modelingFigurel1b shows the heat flow asfunction of

time obtained fronthe numerical simulation fothe specimersaturated with NaCl solutiomhile

this figure compares the thermal behavioradmortar specimernwith and without undercooling.
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First, a broader exothermic peak in the heat fisnobserved forthe numerical simulation
without undercoolingsince amore gradual freezing is considere8econd, the ice formation
occurs earlier inthe caseof the mortar specimenwithout including undercoolingsince the

freezing point T;is assumed to be identical the melting temperatureT,,. Third, the

exothermic peak becomes smaller by increasing the B@iGtion concentratigrsincea lower

volume fraction of pore solution freezat the corresponding freezipgint T¢ , which results in

a lower heat release through the morsgecimen Fourth, the exothermic peak the mortar
speimenssaturated with greatédaCl solution concentratieroccurs late due todepression of
thefreezingpoint T . The heat loss coefficiertiossis assumed to beconstant value of 60 % in
this figure.Figure 12 displays how pore solution solidifies/melts during cooling/heating at the
bottom and top layers (surfaces)tbé mortar specimen siecthe temperature difference is the
maximum between these layers. At the bottom layer, saluttontaining NacCl first freezes

suddenly when reachin@; due to undercooling effects. Afterwards, ice gradually forms as the
temperature further decreases until the temperature redghest the bottom lagr of the mortar
specimenAt Tgy, all liquid solidifies in the capillary, entrained air, and entrapped air pores.

As described irsection 7, at themoment of sudden freezing (when the terapge of the
bottom layemreaches ), the portion of the mortar specimen whose temperature is beflyeen
and T,, was allowed to freeze instantaneoushyncethe temperature of thwp layer of the

mortar specimen is higher than the temperature at its bottom layer during a cooling cycle, a
lesser amount of ice is produced at the top layer during the sudden freezing (i.e., undercooling)
in comparison to the bottom layeaas can be sae in Figure 12. The remaindeiof the pore

solution begins tofreezeas the temperature of the layer drophis solidification processis
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505 similar betweerthebottom and top layers of the mortar specimen contaiditigNaCl solution
506 since this process takes place immediately (0.04 secomds)ng heating, the melting
507 transformation occurs gradually and the amount of ice can be simply calculated based on the

508 lever rule since no undercooling occurs.

(a) (b)
Figure 11 Heat flow as a function of time for mortar specimens saturated with NaCl solution ob
from (a) experimental results and numerical simulation to investigate the role of eutectic
transformation; (b) numerical sinatlons at various concentrations (0 %, 5 %, 10 %, 23.3 %).

(@) (b)
Figure 12 Frozen fraction of pore solution of the mortar specimen saturated using NaCl solutic
functionoft me at (a) the bottom |l ayer (x = 32 mm



